Abstract: In this study, three types of bionic texture surfaces were designed, based on the microstructure of tree frog and gecko feet, for two typical prosthetic substrates: silicone rubber and thermoplastic polyurethane elastomer (TPU). The surface energy of all bionic texture surfaces, and the relative displacement and energy dissipation of the reciprocating friction between these bionic surfaces and skin, were investigated. The results revealed that the bionic texture of the prosthetic socket surface had an obvious influence on the surface characteristics and reciprocating characteristics of friction with the skin. According to the comprehensive weight rating method, the optimal bionic textures for the silicone rubber substrate were a regular hexagonal prism and a quadrangular prism; for the TPU substrate, only the regular quadrangular prism texture was optimal. These textures can effectively increase the surface energy of the surface of the prosthetic socket, thereby increasing its adhesion to skin and reducing the dissipation of friction energy when it interacts with the stump. This bionic prosthetic socket surface design helps improve the adaptation between the prosthetic socket and the stump.
Introduction
Wearing prosthesis is an important and common approach for amputees to restore the functions of their residual limbs. The prosthetic socket is the main device used to accommodate the amputation site and plays the dual role of transferring the vertical force and supporting the walk of the residual limb. During the exercise of patients with a prosthesis, a contact interface between the prosthesis socket and the skin of the residual limb is formed. On this interface, the pressure and friction generated by the movement have important effects on the skin, subcutaneous tissue, blood vessels, and blood flow of the residual limb [1] [2] [3] . The surface texture structure of the prosthetic socket and lining directly affect the comfort of the prosthetic wear. Our previous study found that the prosthetic socket and lining surface with a good attachment to the residual limb skin exhibited a stable gait and low energy consumption during walking, and vice versa, the prosthetic socket and lining surface were not closely attached to the residual limb skin. In other words, the relative sliding at the interface inevitably leads to blisters, swelling, and even skin ulceration [4, 5] .
Existing research has mainly investigated the interface stress between the prosthesis socket and the residual limb through finite element analysis and experiments. Zachariah and Sanders [6] established a large deformation model of the interface between the soft tissue skin and the prosthetic socket using finite elements and reported that the friction coefficient at the interface played a major role in interface sliding. Zhang and Roberts [7] analysed the friction behaviour between the residual limb and prosthetic socket of below-knee (BK) amputees using finite element model simulation, and clinically tested the interface stresses of the residual limb and prosthetic socket. He considered that the combined action of the normal and shear stresses (friction) resulted in discomfort for the skin and injury to the muscle tissue. He also pointed out that the friction force supported the body weight and suspended the prosthesis, and that the socket size should ensure a stable weight bearing and prevent the interface sliding between the residual limb and prosthetic socket during walking. Our previous studies have demonstrated that the sliding between the skin and the prosthetic socket, and the viscoelastic deformation of the skin, are the main causes of skin damage [8] . Moreover, we tested the tribological behaviour between the residual limb skin and various prosthetic materials, such as prosthetic socket materials, the silicone rubber liner, and residual limb sock, and found that the surface structure, roughness, and hardness of these materials have a significant effect on their adhesion to the skin [5, 9, 10] . In fact, the friction characteristics between the prosthetic socket materials and the residual limb skin are more complex, and relate to the property of prosthetic socket material, walking speed, time, and so on [11] .
Reducing the relative sliding and improving the adhesion at the prosthetic socket-skin interface should be the objective when designing prosthetic socket materials. However, few studies have been conducted in this field, particularly about improving the adhesion and reducing the friction energy loss at the prosthetic socket-skin interface using bionic surface texture design. In nature, various animals, such as tree frogs and geckos, can crawl on walls and ceilings, which requires high friction forces (walls) and adhesion forces (ceilings). Their strong crawling abilities are made possible by the microstructure of their soles [12] [13] [14] [15] . Sitti and Fearing [16] and Geim et al. [17] reported that the adhesion of the gecko's feet is mainly produced by the van der Waals force at the interface of the micro-bristle structure of the feet and the contact surface, while the microstructure of the gecko's soles is mainly uniformly distributed and has a cylindrical structure. Chen et al. [18] tested the wet friction of the biomimetic surfaces of the tree frog's feet with various types of polygon pillar patterns, such as quadrangular pillars, triangular pillars, rhomboid pillars, and varied hexagonal pillars, and found that the hexagonal pillar pattern exhibited an improved adhesion property. Shahsavan and Zhao [19] fabricated an adhesive material with a micropillar base and demonstrated that this material could create a significant adhesion surface. Recently, many novel biomimetic surface applications have been proposed using the tree frog's feet as inspiration. However, no studies have been published on bioinspired applications on the internal surface of the prosthetic socket.
The interaction between the prosthetic socket and the stump skin is dominated by the deformation of the skin tissue, but there also exists a small amount of relative slip. Researchers have designed specific sensors to measure the relative slip of the interface between the prosthetic socket and the stump [20] . Hence, a reciprocating friction experiment between the bionic surface of the prosthetic socket and the human skin can be conducted to simulate the interface interaction between the prosthetic socket and the stump skin, and to evaluate the performance of the bionic surfaces based on the reciprocating friction characteristics. In this study, four types of bionic textures were designed on the surface of two typical prosthetic materials based on the microstructure of tree frog and gecko feet [14, 17, 18] . The friction characteristics between the four types of bionic surfaces and skin were investigated, respectively. The results can provide theoretical guidance for the biomimetic surface design of the prosthetic socket and improve the friction adaptability of the prosthesis.
Materials and methods

Preparation of prosthetic materials
The substrate of the prosthetic socket consisted mainly of silicone rubber or thermoplastic polyurethane elastomer (TPU). To clarify the influence of different bionic textures on the adaptation of the prosthetic socket, the bionic texture structures based on the silicone rubber and TPU solid surface were investigated. The bionic surface textures with various types of pillar patterns, such as regular quadrangular prism, regular hexagonal prism, and cylindrical patterns were fabricated on the surface of prosthetic socket materials using mask casting. Moreover, smooth surfaces without texture were used as control groups. The thickness of the bionic prosthesis materials was 5 mm. The plane dimensions of the three types of bionic texture surface are shown in Fig. 1 . The side length of the regular quadrangular prism was 400 µm and the rib width was 60 µm. The diagonal length of the regular hexagonal prism was 300 µm and the rib width was also 60 µm. The diameter of the cylinder was 125 µm and the separation distance was 125 µm. The texture height of all surfaces was ∼50 µm. The surface morphologies of these bionic textures and control groups were captured using a laser scanning confocal microscope and are shown in Fig. 2. 
Testing of prosthetic material surface properties
The surface energy of the prosthetic materials was used to map the adhesion property, and the Owens and Wendt method was used to calculate the solid surface energy, as follows [21] [22] [23] :
where g P SV ( p denotes the polar force) and g d SV (d denotes dispersion force) are the two components of the solid surface energy and satisfy (1) . Additionally, these components are unknown and must be determined. Similarly, the three parameters g P LV , g d LV , and g LV are the surface tension of liquids and satisfy (2). Owens and Wendt [24] investigated the calculation errors for various liquid combinations through mathematical methods, and found that the combination of a non-polar liquid with a polar liquid, such as deionised water (polar) and diiodomethane (non-polar), as the detection liquid, had the smallest error. Thus, in the present study, deionised water and diiodomethane were selected to test the solid surface energy of the prosthetic materials. The surface tensions of the two types of liquid are listed in Table 1 , and the contact angle was measured by a video contact angle measuring instrument (DSA100, German KRUSS). In the experiment, each bionic texture surface was tested three times, and two independent equations were obtained by adding the test results of the contact angle to (1) . Then, g P SV and g d SV were calculated by the equation set.
Friction test
The friction characteristics of the contact interface between the bionic texture surface of prosthetic socket materials and skin were tested using a UMT multi-specimen biomedical micro-tribometer (UMT-II, Bruker Corporation, America). The reciprocating sliding friction form in a flat-on-flat configuration was selected to simulate the interface interaction of the prosthetic socket surface and stump skin. The upper counterpart was a bionic prosthesis material, which was prepared into 10 × 10 mm blocks and mounted and fixed onto the upper moving friction pair of the UMT-II. The other counterpart was human leg skin from ten healthy male volunteers with an average age of 25 ± 1.6 years, the average height of 170 ± 2.3 cm, the average weight of 65 ± 2.4 kg, and without a history of skin disease or allergies. In the prosthetic socket design, the load bearing is typically distributed in places with more soft tissue, which can avoid the secondary injury and discomfort to the residual stump. The load-bearing soft tissue is typically on either side of the tibia. Therefore, the test position of the leg skin was on the right shin lateral tibia (LT) at a position 180 ± 10 mm below the knee. The setup of the UMT-II, counterpart, and leg skin of one volunteer is shown in Fig. 3 . Before the experiment, the test skin was cleaned with conventional shampoo followed by water rinsing and was subsequently cleaned again with alcohol. The volunteers were physically inactive for at least 20 min before each friction test. Then, the right leg was immobilised as far as possible at the bottom stage of the UMT-II. During the test, the bionic prosthesis material was pressed onto the leg skin under a normal programmed force and then moved linearly at a constant speed. In this study, two groups of experimental conditions were set up. In one group, the reciprocating moving speed was set to 2 mm/s, and the normal force was set to 0.5 N (5 kPa), 1 N (10 kPa), 2 N (20 kPa), 3 N (30 kPa), and 4 N (40 kPa), respectively. In another group, the normal force was set to 2 N (20 kPa), and the reciprocating moving speed was set to 2, 3, 4, 5, and 6 mm/s, respectively. The reciprocating amplitude was ±12.5 mm, which simulated the sliding distance between the prosthetic socket surface and the residual limb skin when walking. The number of reciprocating cycles was ten times. The two groups of experimental conditions were selected to investigate the influence of the pressure and gait velocity on the friction characteristics of the socket's surface-skin interface. All tests were performed at a temperature of 24 ± 2°C and relative humidity of 60 ± 5%. For each volunteer, repeated testing was carried out three times at the same skin test site with an interval of 20 min under the same parameters. All data were expressed as mean and standard deviation. F testing (analysis of variance) was used to determine the significant difference amongst the different bionic texture surfaces and test parameters. P < 0.05 indicates a significant difference. 
Friction energy dissipation
Because the skin is a type of viscoelastic non-linear material, energy loss occurred during the process of reciprocal sliding friction. The tangential force and the corresponding displacement (Ft-D) curve of the skin in the reciprocating friction cycle had a closed shape in the friction tests, as shown in Fig. 4 . The area value of the closed graph is the friction energy dissipation in the reciprocating friction cycle, namely, the power of the skin's tangential force. The area value can be calculated by applying the definite integral algorithm, as described in our previous study [25] . Let the function f (x) = ax4 + bx3 + cx2 + dx + e always be positive on the interval [n, m]; the definite integral is expressed as follows:
Equation (2) represents the area formed by a closed curve f(x) on a closed interval [(n, f (n)), (m, f (m))].
Results
Surface properties of prosthetic materials
3.1.1 Hydrophilicity: The hydrophilicity of different bionic texture surfaces is indicated by the contact angle. Photographs of the typical contact angle of the regular hexagonal prism texture surfaces for the silicone rubber and TPU are shown in Fig. 5 . All contact angle values of the different bionic texture surfaces are listed in Table 2 . It is obvious that the contact angles of the silicone rubber bionic surfaces were all >90°and exhibited hydrophobicity. The hydrophobicity of the silicone rubber ranges from strong to weak, as follows: cylindrical texture surface, regular hexagonal prism texture surface, control group, and regular quadrangular prism texture surface. Conversely, the contact angles of the TPU surfaces with bionic texture were all <90°and exhibited hydrophilicity. The decreasing order of the TPU hydrophilicity is as follows: regular quadrangular prism texture surface, control group, regular hexagonal prism texture surface, and cylindrical texture surface. Thus, compared with the control group, it was found that the cylindrical and regular hexagonal prism texture microstructure increased the hydrophobicity of the silicone rubber surface and weakened the hydrophilicity of the TPU surface. The opposite was the case for the regular quadrangular prism.
Surface energy:
According to the surface energy calculation method introduced in Section 2.2, the solid surface energy was calculated by inputting the contact angle data from Table 3 into (1), and combining (2), (3) , and the liquid surface tension from Table 1 . Table 3 and Fig. 6 present the surface energy of all bionic texture surfaces. As can be seen, the surface energy of the TPU surface is higher than that of the silicone rubber surface under the same texture structure, which depended on the molecular force of the material surface. In other words, the surface force of the TPU is greater than that of the silicone rubber. The quantitative values of the silicone rubber solid surface energy are arranged from large to small, as follows: regular quadrangular prism surface, regular hexagonal prism surface, cylindrical surface, and control group. For the TPU surfaces, the values are arranged as follows: the regular quadrangular prism surface, control group, regular hexagonal prism surface, and cylindrical surface. Moreover, the surface energy of the silicon rubber surfaces with a bionic texture structure was greater than that of the smooth control group, which indicates that the bionic texture surface improved the silicon rubber surface energy. For the TPU bionic surfaces, the regular quadrangular prism texture increased the surface energy, while the cylindrical texture decreased the surface energy. The hexagonal prism bionic texture had little effect on the surface energy.
Friction characteristics under varying the normal force
This section presents the analysis of the influence of the normal force on the friction characteristics between the bionic texture surface and the skin. Figs. 7a and b show the typical friction coefficient variation with a cycle time under different normal forces by considering the case of the silicone rubber regular quadrangular prism surface-skin interface. As can be seen, all friction coefficient curves changed periodically with each 10-s reciprocating friction cycle, and the value of the friction coefficient decreased with the increase of the normal force. When the normal force was ≤ 2 N, the friction coefficient curve of each cycle was divided into three stages: rapid increase, slight decrease, and platform fluctuation. [26] . Under this loading condition, the Ft-D curve could be divided into three stages, which correspond to the change characteristics of the friction coefficient (Figs. 7b and h) .
The first stage was the static friction stage, wherein the friction force rapidly increased. The skin tissue deformed along the direction of the friction movement and accumulated gradually. As the displacement increased, the friction force gradually increased to the maximum static friction force, and the curve entered the second stage. The interface between the prosthetic socket and the stump exhibited alternate adhesion and slip friction characteristics, and the accumulation and release of the skin deformation occurred alternately and repeatedly between the bionic surface and the skin. The friction force tended toward stability when it entered the third stage, wherein the friction force remained essentially unchanged, and the relative sliding friction behaviour was generated. When the normal force increased to 3 N or more, the Ft-D curve had a crescent shape. This indicates that only an adhesive friction behaviour was in effect, without a relative sliding friction behaviour characteristic at the interface. The friction movement was coordinated by the elastic deformation of the skin tissue, which was also confirmed by the disappearance of the stability phase in the curve. This type of reciprocating friction behaviour indicates that, when the normal force increased to the critical value, there was no relative sliding (reliable adhesive friction) at the interface of the silicon bionic surface with a quadrangular prism texture and skin.
For the other interfaces of the different bionic surfaces and skin, the variation trends of the Ft-D curves and friction coefficient curves were similar to those of the abovementioned silicon bionic surface with a quadrangular prism texture.
Relative slip displacement analysis:
A good adhesion property can ensure the stability of prosthesis during exercise. In this experiment, the relative slip in the bionic surface-skin interface during the reciprocating friction reflects the adhesion ability of the measured surface. Thus, the relative slip displacement of the bionic texture surface-skin interface in the reciprocating friction was measured under different normal forces, and the adhesion of the bionic texture surfaces to the human skin was analysed. The test results for the relative sliding displacement are presented in Fig. 8 and listed in Table 4 . As can be seen, when the normal pressure was small, there was a significant relative slip between all types of bionic texture surfaces and the skin. As the normal force increased, the relative slip gradually decreased until it disappeared. The critical normal force for the disappearance of the relative slip was 2 N for the silicone rubber regular hexagonal and cylindrical prism texture surfaces, and 3 N for the other silicone rubber surfaces. For the TPU bionic surfaces, the critical normal force was 2 N for all surfaces except for the cylindrical bionic texture surface. By comparing the displacement performance of the silicon rubber and the TPU bionic surfaces, it was found that, in the low loading stage (the loading stage with relative displacement), the relative displacements of all silicone rubber bionic surfaces were less than those of the TPU bionic surfaces under the same load. Compared with the respective control groups, the relative displacement of the silicone rubber bionic surfaces was all smaller than those of the control group. However, for the TPU bionic surfaces, only the regular quadrangular prism bionic texture surface was smaller than that of the control group, while the others were larger than those of the control group. From the anti-slip critical normal force of the bionic texture interfaces (Table 4) and their surface energy, it was found that the bionic surfaces followed the rule whereby the critical anti-slip force between the bionic interface and the skin increases as the surface energy becomes larger, except for the quadrangular prism texture silicon rubber surface. This indicates that the surface energy is positively correlated with the surface adhesion ability; that is, as the surface energy increases, the adhesion ability becomes stronger. Moreover, it was found that, for the silicone rubber bionic surface, the smallest relative slip was the cylinder texture surface, whereas, for the TPU bionic surfaces, the smallest relative slip was the quadrangular prism texture. Additionally, as the normal load increased, the relative displacement inhibition rate (curve slope) of all TPU experimental surfaces was greater than that of the silicone rubber. This indicates that the surface adhesion property of the TPU material was more sensitive to the normal load. From the curve slopes and critical force for the disappearance of the relative slip, it was found that the relative slip inhibition ability of the TPU bionic surface was better with the quadrangular prism texture, compared with the other textures.
Energy dissipation analysis:
The energy dissipation analysis at the bionic prosthetic material surface and skin interface in one reciprocating friction cycle was performed using the fixed integral method introduced in Section 2.4. Hence, the upper and lower equations of the friction-displacement curve had to be analysed. According to (4) , four order equations were used to fit the friction-displacement curve (Ft-D). Table 5 lists the Ft-D curve equations with consideration to the case of the regular quadrangular prism surfaces of the silicone rubber and TPU materials. The area of the Ft-D curve was calculated using the definite integral solution, and subsequently multiplied with the corresponding normal force. Thus, the energy dissipation in one reciprocating friction cycle was obtained. The energy dissipations between all bionic texture surfaces and the skin interface are summarised in Fig. 9 . Because a more normal force resulted in the increase of the friction force at the prosthetic surface-skin interface, the energy dissipation of all bionic texture surfaces was enhanced as the normal force increased, which caused a more elastic deformation in the skin tissue. For the silicone rubber bionic texture surfaces, the regular hexagonal prism surface exhibited the lowest energy loss compared with the other textures under the same normal force. For the TPU experimental groups, the minimum energy dissipation was also observed with the regular hexagonal prism bionic texture surfaces. Sections 3.1.1 and 3.2.1 discussed the different adhesion properties of the various bionic surfaces. Hence, the elastic hysteresis of the skin formed by the reciprocating friction between the bionic texture surface-skin interface was also different, and this resulted in different energy dissipation for various bionic texture surfaces during the reciprocating friction. For the silicone rubber experimental group, it was found that, except for the cylindrical texture, all of the bionic textures, and particularly the regular hexagonal prism texture, reduced the surface energy loss compared with the control group. However, by analysing the experimental results obtained for the TPU experimental group, it was found that all of the bionic texture surfaces, and particularly the cylindrical and the regular quadrangular prism textures, reduced the surface energy loss.
Friction characteristics under the varying sliding speed
This experiment tested the effect of the sliding speed on the reciprocating friction characteristics between the bionic surfaces and the skin. Fig. 10 presents the typical Ft-D curves of the silicone rubber's regular quadrangular prism surface. All curves have a semi-closure shape. There was no relative sliding between the quadrangular prism surface-skin interface under the normal force of 2 N and different sliding speeds. Additionally, the friction mechanism was in the adhesion state. Moreover, the energy dissipation during the friction process was obtained by the definite integral method described in Section 3.2.2. The upper and lower equations of the Ft-D curves of the regular quadrangular prism surfaces under varying sliding speed are presented in Table 6 . The energy dissipation results are summarised in Fig. 11 . As can be seen, the energy dissipation in the periodic reciprocating friction process did not have a significant difference (P > 0.05) at different sliding speeds with the same bionic texture interface. For the silicone rubber group, the energy dissipation of the regular hexagonal prism texture surface was the lowest. For the TPU group, the energy dissipation of the cylindrical texture surface was the lowest, followed by the hexagonal prism texture surface. When an amputee walks with a prosthesis, the relative sliding and energy dissipation of the reciprocating friction at the prosthetic socket-skin interface can cause the skin surface temperature to increase, which results in skin sweating, swelling, and injury. Thus, the inner surface of the prosthetic socket with good fitness (adhesion ability) to the skin is desired because it can reduce the relative slip and energy dissipation between the socket and the residual limb during the movement process, such that the stability of the prosthesis and the residual limb system are enhanced. To this end, three bionic texture structures were designed based on the two typical prosthetic socket materials, namely, the silicone rubber and TPU. The surface characteristics of these bionic surfaces and their friction behaviour at the prosthetic socket-skin interface were analysed.
First, in terms of the properties of these bionic surfaces, the hydrophilic and hydrophobic properties of the silicone rubber and TPU surfaces depend on their respective molecular structures. Owing to the helical nature of the silicon rubber molecules, the x polarity of the silicon-oxygen bonds on the main chain was reduced or cancelled, and the non-polar R group was located outside of the helix structure. Therefore, the polarity of the entire molecule was very low and exhibited strong hydrophobicity. The molecular structure of the TPU contained relatively stronger polar groups, such as esters, ether, urethane, carbamide, biuret, and allophanate. Thus, the polarity of the entire molecule was relatively high and exhibited strong hydrophilicity (Table 2 ) [27, 28] . Moreover, the surface energy of the TPU was higher than that of the silicone rubber with the same texture (Table 3 and Fig. 6 ), and also depended on the molecular force of the material surface; i.e. the surface force of the TPU was greater than that of the silicone rubber. Although the molecular structure of the material determines its hydrophilic and hydrophobic properties, the bionic texture of this material surface can enhance or weaken these properties. In this experiment, the regular quadrangular prism microstructure decreased the contact angle and enhanced the hydrophilicity (weakened the hydrophobicity) of the prosthetic socket surface, while the regular hexagonal prism and cylindrical microstructure had the opposite effect. Additionally, the surface energy of the bionic texture surfaces was consistent with their hydrophilicity; i.e. with higher hydrophilicity, more surface energy existed. Secondly, the pressure and stride frequency typically affect the stability of the prosthetic wear. Therefore, the friction behaviours between the prosthetic socket and the skin were analysed under different normal forces and sliding speeds. As the normal force increased, the relative slip between the bionic surfaces and the skin interface gradually disappeared, and the adhesion property at the interface was enhanced (Fig. 8) . According to the slope of the curves and the critical force of the disappearing relative slip, the TPU bionic texture surface was more capable of inhibiting the relative slip compared with the silicone rubber bionic texture surface, owing to the higher surface energy of the TPU bionic texture surfaces. Additionally, the cylindrical texture surface was the smallest relative slip of the silicone rubber bionic surface, while for the TPU bionic surfaces, the smallest relative slip was the quadrangular prism texture. Because the cylindrical bionic texture was based on the microstructure of the gecko's foot, and the regular quadrangular was based on the microstructure of the tree frog's foot, the former had strong adhesion climbing ability on dry surfaces, while the latter had good adhesion ability on wet surfaces. Specifically, in this study, the silicone rubber surface with strong hydrophobicity had a better adhesion property when it was combined with the cylindrical texture, while the TPU surface with a strong hydrophilic property had a better adhesion property when it was combined with the regular quadrangular prism microtexture.
Finally, the energy dissipation at the bionic prosthetic material surface and skin interface in one reciprocating friction cycle is positively correlated with the normal force, but not significantly correlated with the friction velocity. Because high pressure induced the increase in the friction force and skin deformation, the energy dissipation for the all bionic texture surfaces was enhanced as the normal force increased. By comparing the energy dissipation of all bionic texture surfaces (Figs. 9 and 11) , the silicone rubber hexagonal prism texture exhibited lower energy dissipation. For the TPU bionic surface, the least energy dissipation was observed for the cylindrical texture surface. These findings indicate that the friction energy dissipation is inversely correlated with the surface energy; that is, as the surface energy becomes higher, the friction energy dissipation becomes lower.
According to the actual working conditions of the prosthetic socket, the bionic textures were graded based on the ranking order of the three abovementioned test items; namely, the surface energy, relative slipping, and energy dissipation, respectively. Because the prosthetic socket had the highest stability requirement and the relative slip was avoided as far as possible, the weight value of the relative slip was set to 0.5. The next important item is the energy loss, whose weight value was set to 0.3, while that of the surface energy item was set to 0.2. In each test item, the bionic texture in the optimal position had an initial score of four, and was sequentially reduced by one to the minimum initial score. The formula for calculating the comprehensive score of the bionic prosthetic socket surface is expressed as follows:
where q represents the initial score, w represents the weight, and i (i = 0, 1, 2) represents the three test items. The relevant parameters and score results are presented in Table 7 . As can be seen, the regular quadrangular prism texture and the regular hexagonal prism texture are the most suitable bionic textures for the prosthetic socket of the silicon rubber substrate, while for the prosthetic socket of the TPU substrate, the most suitable bionic texture is the regular quadrangular prism texture. By adopting this bionic texture design, the adhesion ability of the prosthetic socket to the stump could be effectively increased, the stability of the entire prosthesis could be improved, and the relative slip and friction energy loss between the prosthetic socket and the stump could be reduced. Thus, the secondary damage of the prosthesis to the residual limb could be reduced, and the adaptability of the entire prosthesis to the residual limb could be improved.
Conclusion
The friction characteristics between the different bionic surfaces of the prosthesis materials and the skin were investigated by conducting surface analysis and friction tests. The conclusions drawn from this study are as follows:
(i) The cylindrical and regular hexagonal prism texture could increase the hydrophobicity of the silicone rubber surface and weaken the hydrophilicity of the TPU surface; the opposite is the case for the regular quadrangular prism.
(ii) All three bionic textures could improve the silicon rubber surface energy. Amongst them, the regular quadrangle prism had the most obvious enhancement effect, while the cylindrical texture had a weak effect. However, for the TPU bionic surfaces, the regular quadrangular prism texture increased the surface energy, while the cylindrical texture decreased the surface energy, and the hexagonal prism bionic texture had little effect on the surface energy. The surface energy of the bionic texture surfaces was consistent with their hydrophilicity; that is, as the hydrophilicity became higher, more surface energy existed.
(iii) The surface adhesion ability is positively correlated with surface energy. The cylindrical texture surface was the smallest relative slip of the silicone rubber bionic surface, while for the TPU bionic surfaces, the smallest relative slip was the quadrangular prism texture.
(iv) The quadrangular prism texture of the silicone rubber prosthetic surface could effectively inhibit the friction energy dissipation, while for the TPU prosthetic surface, this function was served by the cylindrical texture. The friction energy dissipation is inversely correlated with the surface energy; i.e. as the surface energy became higher, the friction energy dissipation became lower.
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